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We show that the conformal invariance conditions for a general <7-model with 



' torsion are invariant under T-duality through two loops. 



p; I. INTRODUCTION 



Duality invariance is a tremendously powerful concept in string theory. One of the earliest 
forms of duality to be recognised was that now known as T-duality [M . This acts to transform 
the background fields of a <r-model so as to map one conformally-invariant background (or 
string vacuum) into another conformally-invariant background, at least at lowest order. In 
fact the cr-model and its dual should be equivalent, again at least at lowest order |2|] [|J. 
The duality can be understood as a consequence of an isometry of the theory; upon gauging 
the isometry, by performing the path integral over the gauge field and the path integral 
over a lagrange multiplier in different orders, one obtains two equivalent descriptions of the 
theory with backgrounds related by the duality. This duality is straightforwardly checked 
at lowest order in a'; conformal invariance requires the vanishing of U B V -functions, one for 
each background field (the metric g, the antisymmetric tensor b and the dilaton (ft), which 



are related to the /3-functions for the corresponding background fields in a way which we will 
describe later. One can check that the duality transformations on backgrounds for which 
the S-functions vanish lead to dual backgrounds which also have vanishing S-functions. In 
fact, this property is equivalent to requiring that the 5-functions are form-invariant under 
duality, and hence satisfy certain consistency conditions which were derived in Ref. [|J || 
(see also Ref. ||). However, it is far less clear whether, and if so how, the T-duality is 
maintained at higher orders in a'. In Ref. @ for a restricted background, and in Ref. || 
for the general case, it has been found that the two-loop string effective action can be made 
duality invariant by a redefinition of the background fields (see also Ref. 0). Now the B- 
functions are related to the string effective action, and so this is grounds for hoping that 
the S-functions will also be invariant. However, this is not a fait accompli, as was explained 
in Refs. [|J ||10|| . Certainly the invariance of the one- loop effective action guarantees the 



invariance of the one-loop S-functions. On the other hand, the relation between the action 
and the £>-functions is more complicated at higher orders. Moreover, once one has decided 
that the fields need to be redefined at higher orders to maintain duality invariance, then 
the S-functions will also be modified in a non-trivial way, because field redefinitions lead 
to changes in the /5-functions. For these reasons it seems desirable to investigate explicitly 
whether the field redefinitions which make the action duality-invariant also lead to duality- 
invariant S-functions. This verification was carried out in Ref. [Q for the restricted case of 
Ref. J7|. Here we shall carry out the analysis for a different, complementary case which we 
believe displays most of the features of the full general situation. 

II. DUALITY AT FIRST ORDER 

The two-dimensional non-linear cr-model is defined by the action 
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S= 4^I d2(X Wl9^X)d A X^d B X^ AB + ib fa ,{X)d A X»d B X"e AB + ^ R^<f>{X) 

(2.1) 

where g pu is the metric, b pv is the antisymmetric tensor field often referred to as torsion, and (p 
is the dilaton. The indices fi, v run over 1,. . . D+l. 'Jab is the metric on the two-dimensional 
world sheet, with A,B = 1,2. 7 = det jab , £ab is the two-dimensional alternating symbol and 
the worldsheet Ricci scalar. Note that b pu is only defined up to a gauge transformation 
bfj,v l— * + VuCh- Conformal invariance of the a-model requires the vanishing of the Weyl 
anomaly coefficients B 9 , B b and (we will refer to these as the S-functions), which are 



defined as follows 11 : 



BL = PL + 2a'V„V^ + V^j, (2.2) 



B% = H% + a'H^V^ + 1 -H^ V S P1 (2.3) 



B* = P* + aV p (f>V p (t> + \vyS p . (2.4) 

Here (3 9 , j3 b and (3^ are the renormalisation group /^-functions for the cr-model, and H pup is 
the field strength tensor for b pu , defined by H^ up = 3V[ M &„ P ] = V p b up + cyclic. The vector 
arises in the process of defining the trace of the energy-momentum tensor as a finite 
composite operator, and can be computed perturbatively. It will be sufficient to assume 
S p = (S°, 0). At one loop we have 

Pfii ^ = Ryu ~ ^Hp P< jH u p , (2-5) 

$!P = -\V P HP ^ (2-6) 

^W = -I D 0-1f 2 , (2.7) 
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where H 2 = H^ vp H^ up . (Here and henceforth we set a' — 1.) 

The conformal invariance conditions are equivalent to the equations of motion of a string 
effective action 



r = J d D+1 x^L(\ M ) 

where \m = (g^u, b^, c/>). More explicitly, we have to leading order 

r« = J d D+1 X^~ge-^ \R(g) + 4(V0) 2 - ^H, up H^ 



(2i 



(2.9) 



From this action it can be shown that 

0T(D 



M 



(2.10) 



where 



^MN — 



V 








-9w 
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(2.11) 



and we have a basis for B M such that B M = (B 9 , B b , B$) and 



(2.12) 



We now consider the dual cr-model. This involves introducing an abelian isometry in the 
target space background of the model such that one can perform duality transformations. 
Background fields will now be locally independent of the coordinate 9 = X° and locally 
dependent on X 1 , i = 1, . . . , D. The cr-model action now reads as 

S = J d 2 a^ [^ AB (g 00 (X k )d A 6d B 6 + 2g 0l (X k )d A 6d B X l + g tJ (X k )d A X l d B X>) 

+^R} 2 U(X k )) + ie AB (2b m (X k )d A 6d B X l + b %3 (X k )d A X l d B X>)] (2.13) 

The classical T-duality transformations act on the background fields {g^, b^ u } to give dual 
background fields {g^, b^} given by JI|]: 
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goo — — i 
goo 



boi r _ goi 

gOi — ! %i — : 

#00 #00 



9ij gij 



goigoj — both 



•oj 



goo 



(2.14) 



goiboj — boigoj 



goo 



The origin of the the two distinct models lies in the order in which one performs simple parts 
of the path integral. We shall deal with the transformation on the dilaton later. 

We now parametrize the metric and torsion tensors in terms of reduced fields which 
appear in the Kaluza-Klein reduction to D-dimensions [[12] M |S| . 



( a a \ ( „ ... \ 

goo goj 



i gio g^ j 



avj 



, avi + aViVj 



(2.15) 



boo boj 



\ ( 



\ 



Wi 



This choice simplifies the form of the classical transformations to 



(2.16) 



a 

hj = hj + WiVj — WiU 



(2.17) 



Note that is unchanged under duality. It has been shown that a further simplification 
in the context of conformal invariance conditions can be employed, since the transformation 
properties of the one loop 5-functions are manifest when mapped to tangent space H . That 



is, we construct a vielbein, e a M , such that 



Sab = e/e^g^. 



(2.18) 



In fact we can choose a block diagonal form 

{ p p i ^ 
P m _ 6 o _ 

p p i 



U 0^ 



with f a = ejvi. We can now define the tangent space anomaly coefficients as: 



(2.19) 



p>9 _ _ \i p v-ng p>b _ n v p>b 

n ab — e a e b D av i D ab ~ e a e b D uvi 



(2.20) 



o9 _ _ iip v p>g r>b _ n v R 
n ab — e a e b au i D ab ~ e a e b n , 



(2.21) 



These coefficients transform as 



B?- = -B?- 

00 00' 



Bl = B\ , B\ = B? , 

Oct 0a ' 0a 0a' 



(2.22) 



B g a (3 — B 9 a p , B b a p — B b a p. 

With the exception of B^p, we find that we can express each tangent space B- function in 
terms of a 5-function for one reduced field, up to factors of g 00 . 



p>9 _ p„0 0n9 

■"oo ~~ e 6 e 6 u oo 



1 



= -f3 a + a k V k (f>, 
a 



(2.23) 



Bl = efeJaB? = eJy/EB? 



^-F l k V k cf ) +-V l S" 



(2.24) 



B b = e~°e i B w = e i B w 

u 0a c C a °i c ct i 



(2.25) 
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Bt 



■? 



a/3 — e a e f3 ^ij 



Bl 



/3| + 2V i V i < 



(2.26) 



p V 3 
e a e 



(2.27) 



We define 



(2.28) 



The one loop 5-functions for the reduced tensors are 



5 a(1) = --V^ + aa'ViQ + ^(a 2 F km F km - G km G km ), 



(2.29) 



Bf ] = —F i k (V k <t> - l -a k ) + U/ k F lk + ^H lkm G km + ^V^ , 



(2.30) 



L >»" ' = -G k {V k <S> + ~a k ) + l -V k G lk + -E lkm F km , 



(2.31) 



B 



% - - ^F tk F 3 k + ~G lk G k ) - -H ikrn H j km + 2ViVi$, (2.32) 



(2.33) 



where a* = Qjlna, Fy = 2V[^], G,^ = 2V [i w i] = -# ii, and = + 3v[iG jk] . All 
barred tensors and covariant derivatives only have dependence on g^, i.e. that part of metric 
that is invariant under the classical T-duality transformations. Under the mapping ( |2.17 ) 
we have a« i— > — aj, «-> and invariant. $ is the reduced dilaton defined by 



In a. 
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(2.34) 
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$ is another invariant under the duality transformation and this is seen to be case if one 
combines the shift in <ft needed to keep the one loop action invariant || with the transforma- 
tion on a. The corresponding S-function can be calculated, though it need not be worked 
out in full detail. ( |2.12j ) simplifies to 



B* = B" 5 



-B 9 . 

act 



(2.35) 



This is manifestly invariant and indeed this fact is closely related to the invariance of the 
reduced one loop string effective action which can be similarly expressed [BJ 



,(i) 

R 



d d X^e 



-2$ 



R(g) + 4VWi$ - io*ai 



4 3 4a 3 12 3 



(2.36) 



From a reduced effective action one would expect the equations of motion for the reduced 
tensors to reproduce the appropriate conformal invariance conditions. In fact, we have the 
following (see (A4) — (A7)): 

dT R 



P- P~ 

C C p> n nv 



dg< 
dT R 



-2a- 



dgi 
dT R 



bau 



da 
dT R 



e S e v 

a Qgilv 



e 6 e « Qtyv 



buu 



9nv 



9nv 



("a 6 ? d gij> 



-e V ^ 

a fa* ' 



-i o 8£r 

e « e 6 a Q wl : 



6a 6/3 dw ' 



(2.37) 



(2.38) 



(2.39) 



(2.40) 



(2.41) 



The validity of this set of equations at leading order is clear upon inspection of (2.29) — (2.33) 
and (2.36), together with (2.2) — (2.7) and (2. 9). From now on we drop the R subscript, since 
all quantities will be assumed to be reduced. 



III. DUALITY AT SECOND ORDER 



We shall now proceed to illustrate the transformation properties of the next to leading 
order conformal invariance conditions. We would like to show that the two-loop conformal 
invariance conditions behave under duality as in (2.22), but we shall see that we have to 
redefine the fields in order to achieve this. There are two ways in which we might proceed. 
The more direct approach is to calculate the S-functions explicitly for the fields we are 
considering. These expressions are very complicated, so we abstain from this. The indirect 
method is to consider the corresponding result to (2.10) at second order 



M 



-20 



K (0) o(2) , ~ (1) o(l) 
n -MW JD N + n -MN JD N 



where r^ 2 ^ is given in Ref. [13]. K^ N can be read off the following expressions [13 
1 dV^ 



g^0( 2 ) _|_ 2B b ^ B b ^ pa + 2B 9 ^ B 9 ^ pa — 2{B^ 1 



(3.1) 



(3.2) 



2 y/ge- 2 ^ dg^ u 



R9(2) _ Dfl(l) D9(1)P _|_ D Per rjg(l) i D</>(1) DS(l) 

^ pV PP V ' ft U^pCF ~ ^ ^ pV 

-W 1 ' + \H, pT H\ a B^ + Iv^H^B^ 
+g„ v \-AB^ - B b ^B b ^ - B^B"®*" + (B^ 1 



)\ 2 



(3.3) 



1 1 dr (2) _ _ h{2) B b{X) P C _ ]_ TT TTTpa d6(1) , I TT TT T R b(l) pa 

2Jge- 2 ^>db lv ~ pv ^ w va 4^^^ D P a ^ ^ n pT P n v a & 

-2B 9 { ^B b ^ )p - -V a HP..,.B^ - B^B b }}\ 



pv pa 



pv 



(3.4) 



(2) 

With these relations, we could show the properties under duality of B M if we knew the 
properties of the second order action and those of K^ N . After all we are well informed to 
the behaviour of B^\ However we know already that is not the appropriate action. 
In fact in Ref. || it was proved that a shift in the reduced fields is required to obtain an 
invariant second order action. The shift in the one loop reduced effective action is then 
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ST® = J d d X^e 



24> 



--a*ViSa - - (—daF^Fi, + F^SF^ 
2 2 \2a 3 3 

+ — (—5aG i3 G ll - G ij 6G ll ) - -H ijk SH ijk 
2a \2a 3 3 J 6 3 . 



(3.5) 



The authors of Ref. |§ find the required leading order corrections to the reduced fields to be 

5a = aa i a i + la 2 F ij F ij + -G ij G i:j , (3.6) 



S Vi = --F k a k - ^H ikm G km , (3.7) 
4 8a 



5 Wi = -jGi k a k + \aH lkm F km , (3i 
4 o 



^ifc = --V (< (G 3 m F k]m ) + 3F {ij 8w k] + 3G {ij Sv k] . (3.9) 
We now have at our disposal an invariant action which we shall write as 

However the consequence of (3.6) — (3.9) in (3.1) is not just that we have to replace r^ 2 ^ 
with r'( 2 ) but also that the two-loop /^-functions change, leading consequently to a modified 
/"T-matrix. The new /3-functions are in general given by: 

P' m = Pm-SPm (3.11) 

where 

80 M (\) = SX.—f3 M (X) - ii—5\ M . (3.12) 
oX a/i 

The precise details of how we apply (3.12) will be given in the Appendix, and moreover we 
will leave for later the definition of the redefined X-matrix. We now seem to have all the 
required apparatus to achieve our task. In the expressions that follow, after all functional 
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derivatives have been taken such as in an equation of motion or 5 /3m, we will consider the 
simplified theory with a = 1 and $ = 0. (The complementary case with general a, but with 
$ = by = 0, was considered in Ref. ||].) 

We first turn our attention to the dilaton. This turns out to be the simplest calculation, 
mainly because there is no shift in the reduced dilaton, $, and consequently the equations of 
motion are unaltered. By comparing (2.9) and (2.36) we see that the functional dependence 
on <fi in the unreduced action is the same as on $ in the reduced action. Therefore (3.2) 
becomes 

i dv'M 



= 8B^ + AB^B^ + 2B b V B W + AB^B^ 

+ 2B^B^ + 2< ) < ) - 2{B^)\ (3.13) 



where 



B* = B* - ~g ij Bl = B* (3.14) 

and B^ is given in (2.35). Given that the S^-functions satisfy (2.22) and that B®^ is 
invariant, we conclude that that _B*( 2 ) is invariant under duality. 

We now turn our attention to B 9 afj . The fundamental equation for us to deal with is 

lf-a e p-Q^J = e a e p B! liv + e a e f3 VK fiV (3.15) 

We can rewrite (3.15) using our analysis in the previous section of the equations of motion 
and conformal invariance conditions of the reduced fields, namely (2.26) and (2.38). This 
gives us 

Correspondingly we can write 
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_p V j —p l p J V)R 5(2) 4- p v X 9 

2 13 dWi ~ 13 j 13 



(3.17) 



where SBfj 2 ^ is given in the appendix. Finally we combine (3.16) and (3.17) to find 



p V 3 



R »'(2) 



p v j - \r /(2] ] 4- /r 3 ' 



(3.18) 



where 



-"■a/3 



— p t*P v 



K 9 +X 9 



RS(1) RS(1) , R »(l) R fl(l) _ 5* r9(1) , rKI) rKI) , r6(1) R 6(l) 



1 1 

TP TP k r-i jp k 



+ ^0 7 e « e /3 e 7 
+ ^67 e ° C /3 e 7 



ViF fej + -G ni H n jk + -G nj H n ik 



+ -°7<5 e a e /3 e 7 e <5 
+ -°7<5 e a e /3 e 7 e <5 



3 
4" 



3 

-^ikjm ^ r ik r jm ^^ik^jm ^^ikn^ 1 jm 



3 

r 



+ s a 



f3 



5*(2) _|_ B b{1) B b{1) + B b( pB bi p + 



07 07 



00 00 



+ < ) < ) + < ) < ) -(^) 5 



(3.19) 



So we have an invariant equation of motion and, from (2.22), an invariant If^g and hence 



an invariant B 9 J^ . 



We now follow a similar argument to prove the transformation properties of B?^\ Once 



oo 



again we combine the equation of motion of r^ 2 ^ , 

ar( 2 ) 1 



da a 



B a ^ + Kg 



oo 



(3.20) 



with its correction 



a- 



da 



~ 5B a(2) + X a 



(3.21) 
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We find 



a oa a 



(3.22) 



where 



2 FikF i 



+ B, 



a/3 e a e /3 



l FikG 3 



l GikF 3 



B a(l) £<E>(1)_ 

(3.23) 



Since a i— > ^ and |^ = — ^t^tj we have — i— > a|^. So both the equation of motion and 
fT-matrix change sign under duality, and hence so does B g ^ 2 \ 

The next check on duality concerns the mapping of B? a <-> i?^. For this case we will 
need to compare two equations of motion and two i^-matrices. For the equations of motion, 
as can be seen in the appendix, we will deal with functional derivatives with respect to Vi 
and Wi of T. In the case of the field equation for Vi we keep bij and Wi constant, while in the 
case of the field equation for Wi we keep b\j and Vi constant (where b\j was defined in (1.17)). 
Correspondingly, we can write H^k either as 



Hijk = 3V[ib jk ] + 3v[iG jk ] 



(3.24) 



or as 



H^k = 3V[j6jfc] + 3w[iF jk ]. 



(3.25) 



(Note that this displays the duality invariance of H ijk .) We shall also use these two forms 
of H^k when calculating SB" and 5Bf respectively. See the appendix for more details. 
So for Vi we have 

iar( 2 )" 



°o a 



2 dv i 



e~°e * 



B 



v(2) 



+ e ^e~ v K 9 



(3.26) 
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and a correction 



i dbv^ 

2~dv r 



c a 



v(2) 



+ e tx e- 1/ X v 



where 



2 



1^ 



with 



SS° = --B£ m G km . 



We sum these to give 



°0 a 



5 



«'(2) 



2 a 



^[r' (2) ] 



r - fV 0a' 



where 



^ = -e *V 

Oa Q 



£«/ 1 fiV 



= ^ 1) < ) +< ) e«e 7 fc e/ 



-VfeF im + -Gk n H T 



+ -°75 e a e 7 e <5 



+ B b{1) e l e k 



For tOj we have 



°0 o 



1 dr< 2 ) 

2 dw* 



-e-°e i [ J B w(2) l +e 'VA' 6 



and a correction 



°0 a 



i ^r^) 

2~dw r 



-e-°e i 



5B 



w(2) 



We sum these to give 



14 



c a 



B 



w'{2) 



2 



<9w 



[r 



'(2)1 



Oa' 



(3.34) 



where 



n aj -°07 + 7<5 e " S e <5 



1 - 1 

-VkG im + -F kn H z 



+ e a e 7 e 5 



+ S fe(1) e *e fc 
+ £? (1) e % fc 



Lr in Lr k 



(3.35) 



It is readily apparent , given the dual nature of the equations of motion and <-> 



Oa' 



that B, 



v (2) 
Oct 



5; 



■S'(2) 
0a ' 



We now consider The equation of motion of gives 



Following from the previous calculations, one might expect our next step is to write an 
equation containing 5B\*. However this is not well defined since as already stated in (2.28), 
there is no b*j such that one can compute fJ>j-b*j to obtain f3\* . Hence we cannot write down 



3 ^ _ _p ip 3 R fe *( 2 ) I p H„ v jsb 



(3.36) 



a 5b* ij. But we still have 



Is ip J ^ r(1) - _p Mp ^AR & (2) i p Mp *^&* 



(3.37) 



The details concerning the computation of e^e^X^, are given in the appendix. So we now 
sum (3.36) and (3.37) to give 



B 



b'{2) 

a/3 



/(2) 



-e„ e 



4- K b 



(3.38) 



where 



7/(2) 



P ip 3 



< (2) - ±Gy<5S° + Ay 



1 



(3.39) 
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and 



X b — P v-p v 



R h R9 _ R9 R* _|_ Rf p i p i 



\ -R9 p ip jp k 



4 



F in H n kj + -F jn H n ki + -F kn W 



_ /~i fin , r\ fin , ri fjn 



-4- R b p V J p fc p m 



p _i_ \ fj fin _ }_ fin fr 
J^ikmj ~r ^-njnfc-n m j 4 ij-^nkm 



\~ . GikG j m ~\~ FikFjm ^FijFkm ^GijGkm 

4 4 8 8 



1 f>9 p ip jp k- m 
+ ^ 7 5 e « e /3 e 7 e «5 



(3.40) 



where JS" is as given in (3.31). Ay corresponds to the gauge freedom of the torsion tensor, 

1. 



-1 knv{l) jp knw(l) 
T j Pk ~ P j Pk 



J- 



(3.41) 



Although b,ij f— > bij , the equations of motion for these two fields are the same. Given that 



the A'-matrix (3.40) is also invariant we conclude that B^i 2 ^ is invariant too. 



IV. CONCLUSIONS 

We have shown that the conformal invariance conditions are invariant for a model with 
non-vanishing torsion, but where we have set the reduced dilaton $ to zero, and taken 
goo = 1. Since the fields require to be redefined, the conformal invariance conditions refer 
to a redefined renormalisation scheme. Alternatively, as was done in Ref. ||, one could 
leave the fields, and hence the renormalisation scheme, unchanged, but instead modify the 
duality transformations. The required consistency conditions for the conformal invariance 
conditions would then no longer be the simple ones we use, as given for instance in (2.22); 
but our results of course guarantee that these new consistency conditions will be satisfied 
through two loops. 
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Our results are complementary to those of Ref . [|J , where the torsion was zero but a non- 
vanishing dilaton and non-constant a were used. We believe our results display the main 
features of the general calculation and a non-vanishing dilaton and non-constant a could 
be incorporated into our results without changing their basic form. As a consequence of 
the indirect method of calculation, we have not explicitly computed the various conformal 
invariance conditions; but if desired they could be obtained quite straightforwardly from our 
final results using the explicit expression for T'^ given in Ref. f|-for instance, could 
be obtained from Eqs. (3.18), (3.19). 
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APPENDIX A: EQUATIONS OF MOTION 



First we give \f" 



1 



-w 



(Al) 



We have the following relations, with T as the reduced action 
dT 



dg 



'.J 



dT dg kl dT dg k0 dT dg 00 

QgH Qglj QgkO Qg%j Q gOO Qg 



'J 



dT dT 



dg l i dg 



dT 

dg 



J^Vi + Vi Vj 



dT 

l)g™ 



(A2) 



dr_ 

dv l 



dT dg kl 

Qgkl Q v i 

dT 



dg 



+ Vi 



dT dg k0 dT dg 00 

QgkO Q v i QgOO Q v i 

dT 



dg 



00 



(A3) 
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ar 

da 



dT dg kl dT dg k0 dT dg 00 
dg kl da dg h0 da dg 00 da 

i dr 

~~^dg™ 



dT 



dw l 



dT db ok dT db km 
+ 



gjjOk q w i db km dw l 

i ar 



adb 0i 



dbv 



In the calculation of ^iEtt- the following identities were used 



7 k nw(X) 



a=l 



a=l 



_ 1 T?kmob*(l) 
2 r l J km ■ 



APPENDIX B: VARIATIONS OF ANOMALY COEFFICIENTS 

We now explain how to apply (3.12) in the context of this work. First for ease 
we quote from Ref. || all the relevant shifts in the reduced fields 

1 1 

5a = aa ia l + -a 2 F ll F i:j + -G lJ Gij, 

8v i — —-F i k ah — —Hik m G km , 
4 8a 

Swi = --G k a k + ^aH lkm F km , 

3 

SH ijk = - jVp (Gj m F k ] m ) + 3F[ijSw k ] + 3G [ij 5v k] . 

Sbij = ~ (GkjF^ - G ki F k ^j - Vj5wi + Vidwj 
The variation for the metric S-function in tangent space is 
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e a e b 



d 



d 



(B6) 



The corrresponding equation for torsion follows directly. We now outline the manipulation 
of these equations required to express them in terms of variations of £>-functions for reduced 
fields. 

The results for £?£> and B\ are achieved with ease since e A * = 0. We have 



oo 



0a 



and 



<^66 = e 6 V<^oo 

= 1 -5B«= 1 -(5\.^-^5a), 
a a \ oX d/j, J 



(B7) 



(B8) 



The manipulations for B 9 af3 and B? a are similar in style to each other. We now illustrate 
the simpler latter case. It follows from (B6) that 



(B9) 



Since g oi = avi we can compute 



Sg Q i = Vi5a + a5vi, 



(BIO) 



and 



= P a v t + aft. 



(Bll) 



Hence we find 



SPHi = Vid(3 a + a5(%, 



(B12) 
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which upon substitution in (B.9) finally gives us 



SB L = eJ^SBl (B13) 

Finally we illustrate the case for B b a p. We need to manipulate the expression for the 
change of the B-function to calculate e^e^X h * in (3.37). We have 

SB^ = e a V - H^Sb^j (B14) 

We write out explicitly the first part of the right hand side of (B14) 

< e P sx -wi^ = *°y { 5x -ik^ - Vi5x -ik^ + v * sx -§\ff) ■ (Bi5) 



Given the relation B% = - ViBJ + VjBf that we defined in (2.28), we can write (B15) 
in the following form 



e/e/a.— ^ = e a y UA.— A<> + - PT 5v j (B16) 



where fiij^ may be read off from (2.33). The approach for calculating the remaining part 
of (B14) is straightforward and hence one can compute e^e^ X b * u . 



20 



REFERENCES 

[1] T. Buscher, Phys. Lett. B194 (1987) 59 

[2] M. Rocek and E. Verlinde, Nucl. Phys. B373 (1992) 630 

[3] J. Balog, P. Forgacs, Z. Horvath and L. Palla, Ahrenshoop Symp. 1995: 16-26 ([hep- 



th/960109l 

[4] PE. Haagensen and K. Olsen, Nucl. Phys. B504 (1997) 326 

[5] J. Balog, P. Forgacs, Z. Horvath and L. Palla, Phys. Lett. B388 (1996) 121; Z. Horvath, 
R.L. Karp and L. Palla, Nucl. Phys. B490 (1997) 435; L.K. Balasz, J. Balog, P. Forgacs, 
N. Mohammedi, L. Palla and J. Schnittger, Nucl. Phys. B535 (1998) 461 

[6] PE. Haagensen, K. Olsen, R. Schiappa, Phys. Rev. Lett. 79 (1997) 3573 

[7] A. A. Tseytlin, Mod. Phys. Lett. A6 (1991) 1721 

N. Kaloper and K.A. Meissner, Phys. Rev. D56 (1997) 7940 

[9] K.A. Meissner, Phys. Lett. B392 (1997) 298 

[10] PE. Haagensen, [hep-th/9708TTO| 



[11] A. A. Tseytlin, Phys. Lett. B178 (1986) 34; G.M. Shore, Nucl. Phys. B286 (1987) 349; 
G. Curci and G. PafTuti, Nucl. Phys. B286 (1987) 399 

[12] PE. Haagensen, Phys. Lett. B382 (1996) 356 

[13] I. Jack and D.R.T. Jones, Nucl. Phys. B303 (1988) 260 



21 



